High-flux optical systems (HFOSs) are optical concentrators used to increase the radiative flux of the natural terrestrial solar irradiation. High radiative flux concentration leads to high energy density in solar receivers which allows to obtain high temperatures. In solar thermochemical applications, the hightemperature heat drives endothermic thermochemical reactions. HFOSs have been deployed for research and development of solar thermochemical devices and systems, from solar reacting media to solar reactors. Here, we review the designs and characteristics of HFOSs as well as challenges and opportunities in the area of high-flux optical systems for solar thermochemical applications.
Introduction and historical background
The development of and advancement in solar concentrator technology, high-temperature solar receiver design and demonstration, and reversible redox or temperature-stable materials has opened new opportunities and routes for high-temperature solar applications. The most challenging of these solar applications are approaches which incorporate chemical reactions, and which operate at extreme conditions in terms of temperature and radiative flux (temperatures > 1000 K and average radiative fluxes > 100 kW/m 2 ). Solar thermochemistry, which refers to any endothermic chemical process that uses solar energy as the source of high-temperature heat, is the field that deals with the materials development, reaction kinetics analysis, reactor modeling and design, demonstration and scale-up of such solar-driven thermochemical reactions and processes. This field has recently picked up momentum driven by the desire for alternative, renewable and sustainable approaches for fuel processing, and material and chemical commodity production, as well as for direct, energydense, and long-term storage of solar energy. Among the existing solar-driven, non-biological chemistry routes which include solar thermochemistry, photocatalysis and photoelectrochemistry, solar thermochemistry has reached the largest scale demonstrations (up to 100 kW) (Villasmil et al., 2013; Chueh et al., 2010; Säck et al., 2016) , demonstrated stability over hundreds of cycles (Malonzo et al., 2014) , and enormous versatility in demonstrated chemical reactions (Scheffe and Steinfeld, 2014; Steinfeld, May 2005; Romero and Steinfeld, 2012; Bader and Lipinski, 2017) .
The field of solar thermochemistry started with investigations of the direct thermolysis of water in the 70s (Fletcher and Moen, 1977) . The direct thermolysis of water requires temperatures above 4000 K for full dissociation, and temperatures in the range of 2600-2800 K for at least 20% water dissociation. Furthermore, the direct thermolysis results in a high-temperature mixture of hydrogen and oxygen, which has proven difficult to efficiently and safely separate. Multi-step thermochemical water-splitting cycles have been proposed, which can by-pass the separation problem, and allow operation at reduced temperatures (Scheffe and Steinfeld, 2014; Romero and Steinfeld, 2012; Bader and Lipinski, 2017; Loutzenhiser et al., 2011; Yadav and Banerjee, 2016) . These multi-step processes typically use metal-oxide redox pairs as an internal oxygen vector. An endothermic reduction step at high temperatures reduces the metal-oxide and an exothermic oxidation step oxides the reduced metal-oxide with steam and/or CO 2 to produce H 2 and/or CO and the initial metal oxide. The metal oxides used in the cycle are recycled for continuous operation. Volatile oxides (their reduced species is obtained in vapor phase and requires quenching to solidify) such as zinc/zinc-oxides require reduction temperatures above 2000 K (Abanades et al., 2007; Schunk et al., 2008) . Non-volatile oxides remain in the solid phase throughout the cycle. This group contains mainly ''engineered" materials, i.e. metal oxides which are doped with other metals in order to facilitate the reduction and/or improve the thermal stability. The first of this kind have been doped ferrites ( perovskite-type materials have shown potential in terms of fuel productivity and thermal stability (Chueh et al., 2010; Malonzo et al., 2014) , and are currently more intensively researched. These oxides generally present a lower reduction temperature (around 1800 K), but also a smaller productivity (220 mmol CO /g for structured pure ceria (Furler et al., 2014) than stoichiometric oxides. Perovskite-based structures, such as La x Sr y Mn z Al w O 3 and La x Ca yMn z Al w O 3 based systems, have shown an order of magnitude increase in the oxygen non-stoichiometry (Cooper et al., 2015; McDaniel et al., 2013) , evolving up to ten times more fuel than ceria at comparable temperatures, and therefore show great promise for future investigations. An alternative way to reduce the temperatures involved includes the utilization of cycles incorporating more than two steps. Examples are the three-step manganese cycle (Sturzenegger and Nüesch, 1999) or the three-step sulfur-iodine cycle (Kubo et al., 2004) , requiring temperatures for full reaction conversion in the range of 1600 and 1400 K, respectively. Another way to reduce the reduction temperature is by hybridizing the solar-driven process with a carbon source for carbothermal reduction. This approach has been used for the zinc/ zinc-oxide cycle and the zinc-oxide reduction temperature was decreased by almost 800 K (Osinga et al., 2004; Tzouganatos et al., 2016) . Hybrid of solar-fossil or solar-carbon processes (where the carbon can come from biomass or recycled fossil resources) are an alternative solar thermochemical pathway specifically aiming at hydrogen and synthesis gas production. Effectively, the carbonaceous resources are upgraded by solar energy to gases with higher energy content. In these processes the carbonaceous feedstock is used purely as the chemical source of hydrogen and carbon (Piatkowski et al., 2011) . Solar steam-or dry-gasification operates at temperatures of 1200 K (Piatkowski et al., 2011) , solar thermal cracking and reforming in the range of 1300-1600 K (even lower temperatures achievable for pressures below 1 bar) (Dahl et al., 2004; Maag et al., 2009; Agrafiotis et al., 2014) . Hybridization of solar thermochemistry with electrochemical reactions has also been proposed as a way to reduce the required temperatures and electrical input power into the systems (Licht, 2009) . Temperatures above 700-1000 K can lead to a reduction in electrical potential of more than 20% (for example for water and carbon dioxide reduction) while ensuring large enough electrical conductivity in the solid oxide electrolyte component of the system. Finally, concentrated solar energy has been used to drive a variety of other thermochemical reactions (Bader and Lipinski, 2017) , including the processing of materials and chemical commodities such as calcination of limestone to lime at temperatures of around 1200 K (Meier et al., 2006) , near-vacuum carbothermal reduction of alumina to aluminum in the temperature range of 1300-2000 K , and ammonia production via alumina/aluminum nitride cycling at a temperature of 2000 K (Gálvez et al., 2007) .
All these thermochemical processes stand in contrast to processes where the high temperature heat is used as industrial process heat, for example for: food sterilization or drying (in the temperature range of 330-430 K), or plastic, paper, textile or timber processing (in the temperature range of 330-450 K), or heating and superheating of heat transfer fluids for power production (in the temperature range of 700-1400 K). Solar thermochemistry also stands in contrast to approaches where the photons and the resulting separated electrons and holes are used in photocatalytic or photoelectrochemical approaches (for example for water purification, or water and carbon dioxide reduction) generally operating at temperatures below 350 K (McKone et al., 2013) . These processes are also explored at higher temperatures and under irradiation concentration (Dumortier et al., 2015; Tembhurne and Haussener, 2016a, 2016b ) but charge separation is usually not effective at temperatures above 370 K. Both of these approaches -solar thermal and photo-driven -do not rely on thermochemistry and are not considered in this review.
Obviously, solar irradiation, with its low energy density in the range of 300-1000 W/m 2 (dependent on location, season and time during the day), needs to be concentrated in order to provide energy densities able to produce heat at temperatures above 1000 K. Optical concentration of solar radiation allows for reaching such high temperatures. In the following, we focus on High-Flux Optical Systems (HFOSs) which can provide temperatures above 1000 K and therefore are relevant for research and development in solar thermochemistry. These HFOSs provide concentration ratios in the range of 100-10,000, resulting in highly concentrated fluxes in the range of 100-10,000 kW/m 2 (for a 1 kW/m 2 irradiation). Such concentrations and also rapid heating rates can be delivered by point focusing technology, but not easily by any electric or fossil fuel driven setup. The development and implementation of HFOSs followed the activities in the concentrating solar power and solar thermochemistry community (Yadav and Banerjee, 2016) . The first major setup was commissioned in 1970 in Odeillo, France. This solar furnace provided up to 1 MW of concentrated solar radiation, with concentration ratios up to 10,000 for research applications (Trombe and Vinh, 1973) . A similar solar furnace was build a little later in Uzbekistan (1 MW solar radiative power) (Unique objects and collections of Uzbekistan Academy of Sciences). These research facilities were followed by a solar tower facility of $6.8 MW in 1983 in France. This tower however was only used for investigations on solar power application. In the early 90s, Sandia National Laboratories followed with a solar furnace (16 kW), and the Plataforma Solar de Almeria with a solar tower ($2.7 MW). These developments coincided with the oil crises in 1973 and 1979, but slowed with the recovery of the oil price in the 90s. Facilities in Israel (solar tower of 650 kW at the Weizmann Institute, 1988), in the US (solar furnace of 10 kW at the National Renewable Energy Laboratory, 1994), in Germany (solar furnace of 25 kW at the Deutsche Zentrum für Raum-und Lufthfahrt, 1996) , and in Switzerland (solar furnace of 40 kW at the Paul Scherrer Institut, 1999) followed. Since the 90s, a revival of solar thermal and thermochemical research has pushed high-flux application and solar thermochemistry back into the spotlight, with a steadily increasing number of publications on the subject (Yadav and Banerjee, 2016) . As a result, HFOS have been implemented by various research groups, each considering its own needs and limitations. Thus, a variety in geometry, size, power, etc. exists, most being thoroughly described in the literature.
A major milestone has been the development of in-house solar simulators, which provide a wider accessibility of HFOSs. The first high-flux solar simulator was built at the Lawrence Berkeley National Laboratory in 1991, exhibiting a power of 3 kW and a peak flux up to 16 MW/m 2 (Kuhn and Hunt, 1991) . Solar simulators mimic radiative characteristics of typical point focusing solar concentrators, alleviate the constraints for installation (e.g. local solar resource or large infrastructures), and allow for testing under stable, controlled and reproducible laboratory and flux conditions. This marks a significant advantage for research and development compared to on-sun facilities which provide transient and not well predictable conditions. However they do not eliminate the need for experimental data collected in real sun conditions, which capture the transients at various-time scales to which the receiver and materials are exposed. A simulator at ETH Zürich (6.7 kW and peak flux of 4.3 MW/m 2 ) followed in 2003 (Hirsch et al., 2003) , based on an elliptical reflector and an Ar-arc bulb. The simulators at the Paul Scherrer Institute and the ETH Zürich following in 2007 (Petrasch et al., 2007) marked the beginning of the development and implementation of a whole array of simulators based on multiple ellipsoidal reflector units (usually 7-10 units) with Xe-arc bulbs (Krueger et al., 2013; Sarwar et al., 2014; Ekman et al., 2015; Gill et al., 2015) . Recently, the trend has shifted to simulators composed of a larger number of smaller power units allowing for a larger versatility in power and flux distribution in the focus, such as the simulators at EPFL and ANU with 18 units of 2.5 kW el , or the similar at the Niigata University with 19 units of 7 kW el (Kodama et al., 2015) . These developments further coincide with installation of demonstration plants and commercial plants for solar power production based on solar tower and dish technologies, cumulating in an installed capacity of several GW (Li et al., 2016; CSP World, NREL, Téllez et al., 2014) . These technologies allow for concentrations and temperatures relevant for solar thermochemistry and, therefore, can be seen as a first step towards large-scale implementation and demonstration of solar thermochemistry.
Here, we will review the status of HFOSs for solar thermochemistry applications, describe the design principles and limitations, compare the various on-sun and indoor installations, and review engineering challenges associated with the development and implementation.
Concentrating solar energy -theoretical background

Definitions
A solar concentrator is placed between the incident solar radiation and a solar receiver, which will absorb the concentrated radiation and convert it to high temperature heat to be used in subsequent processing steps (such as the thermochemical processes). The sun can be approximated as a black body at a temperature of about 5777 K. The spectral characteristics of the solar irradiation arriving at the earth orbit can therefore be approximated by the emissive power of a blackbody at said temperature. The direct solar light is reaching the earth as almost collimated rays (cone half-angle, h s , of about 4.65 mrad due to the sun's shape and distance between the earth and sun). Once the radiation travels through the atmosphere, it will be absorbed and scattered by molecules, aerosols, and dust in the various layers. The resulting reduction in the spectral incident flux and the reduction in the collimated (direct radiation) part of the solar irradiation depends on the local atmosphere and consequently the weather conditions. Concentration requires redirecting these rays into a common position, which can be a surface, a line (line-focusing systems), or a point (point-focusing systems) (Goswami et al., 2000) . Examples for line-focusing systems are parabolic trough or linear Fresnel concentrations, and examples for point-focusing systems are solar tower systems and solar dishes. The latter achieve significantly higher concentration ratios than the former.
Because concentration is obtained through specular reflections of rays, only the direct part of the solar irradiation can be concentrated, while the diffuse part is lost. For locations like Southern Spain or Southern California, the direct fraction of the irradiation is above 80% throughout the year, while it can drop below 60% for locations with high overall magnitude but high aerosol/soot pollution in the atmosphere, such as for example in Eastern China. A normalized, benchmarking spectrum often used in the community is the Air Mass 1.5D spectrum (AM1.5D), which represents the spectrum resulting from solar energy traveling through the atmosphere with a path length 1.5 times the shortest possible path length (if the sun is directly overhead) and normalized to a magnitude of 900 W/m 2 , including only the direct irradiation (Gueymard, 2004; Gueymard et al., 2002) . The instantaneous, area-averaged flux concentration ratio is defined based on the incident energy flux (the direct normal irradiance is considered only) and the flux arriving at the receiver's aperture with a given aperture area (which can vary in time, spectrum, and over the aperture area),
Sometimes the geometrical concentration ratio is defined (Malonzo et al., 2014) , which correspond to the ratio between the collector area and the receiver area. However, this definition assumes a perfect energy conversion efficiency during the redirection and concentration steps.
The theoretical maximum concentrations are given by the second law of thermodynamics, and are limited by h sun , specifically the inverse of the sinus of h sun for line-focusing concentrators, i.e. C max = 215, and the inverse of the square of the sinus of h s for point-focusing concentrators, i.e. C max = 46,248.
In order to assess what concentration ratios are required to theoretically achieve a temperature above 1000 K, the stagnation temperature, T stag , of an absorbing surface (with absorptivity, a, and emissivity, e) at radiative equilibrium, i.e. when the absorbed flux equals the flux emitted by the surface,
can be calculated. The stagnation temperature scales with the fourth root of the received power, due to the temperatureinduced radiative losses. For a perfect blackbody absorber (i.e.
a = e = 1), a stagnation temperature of 1000 K requires a concentration ratio of 57-63 for a DNI of 900-1000 W/m 2 . However, this temperature is impractical because no power is available for further conversion. Instead, we consider the absorption efficiency of the receiver, defined as the ratio between the net energy available to the receiver (i.e. difference between absorbed and emitted energy) at a given temperature and the incoming radiation,
for a = e = 1. This relation is displayed for various C in Fig. 1 . A highly concentrated source of light allows for high absorption efficiencies, thus most of the collected light is efficiently converted as heat for further processes. Such efficiencies are difficult to achieve with conventional means and thus render the use of HFOSs for driving highly endothermic reactions potentially viable and interesting. For example with concentrations above 1000, it is theoretically possible to transfer more than 90% of the harvested radiation to a reactor operating at 1000 K. Such high concentration ratios can only be obtained by point-focusing technologies, thus only these technologies and approaches will be further described below.
Following the exergetic analysis of solar thermal receivers (Petela et al., 2010) , the exergy efficiency is given by the ratio of exergy of the absorbed heat and the exergy of the emitted solar radiation,
where the energy-to-exergy efficiency, u ex-en , approaches 1 if the radiation source temperature approaches infinity. Eq. (4) then reduces to
which is consistent with an ideal efficiency often defined in this community (Steinfeld, 2005; Romero and Steinfeld, 2012; Bader and Lipinski, 2017; Li et al., 2016) , given as the product of the Carnot efficiency and the absorber efficiency. Utilizing Eq. (5), an optimal temperature can be defined at which e abs,i is maximized (i.e.
de abs,i /dT abs = 0). For temperatures of 1000 K or higher, the optimal temperature corresponds to C of 586 and 651 or higher (for DNI equals 1000 W/m 2 and 900 W/m 2 , respectively, and ambient temperature of 300 K). For these conditions, e abs,i is above = 0.63 and g abs is above = 0.90.
For the optical efficiency of a HFOS, we follow the definition given in Li et al. (2016) , which describes the overall optical efficiency as the ratio of the radiative energy intercepted by the receiver with an aperture area to the maximum possible energy that can be intercepted by the total concentrator area, A conc , for a given time period
For an accurate determination of the concentration ratio and the optical efficiency (Eqs.
(1) and (6)), _ Q rec needs to be determined. This requires either detailed measurements of the flux distribution in the receiver aperture, or an estimation or modeling of the radiative energy flux from the point of incidence, following the various redirection and concentration steps before arriving at the receiver aperture (as outlined below). The radiative intensity incident on a reflecting surface is diffusely or specularly reflected, dependent on the surface characteristics of the reflecting surface. Diffuse reflection describes reflection with non-preferential directionality. Diffuse reflection is not desired in a concentrating device and usually results from low quality surfaces or microscopic variability in the surface (surface roughness, surface impurities, microscopic surface damages and bending). Specular reflection is described by a reflectivity with preferred directionality according to the bi-directional, spectral reflectivity (Modest, 2013) ,
Real surfaces often reflect according to a combination between specular and diffuse reflection. It should be emphasized that the reflectivity is not only a function of irradiation direction, wavelength, and location, but also a function of temperature.
If the travel path of a photon during the redirection and conversion in the HFOS is larger than the extinction length in the atmosphere, the photon will be absorbed or scattered, and consequently be lost. Atmospheric models need to be used for an estimation of the radiative properties of the atmosphere (Goody and Yung, 1989) , and the radiative transfer equation needs to be solved for a detailed estimate of the decrease in the radiative intensity along the path (Modest, 2013; Siegel, 1971) .
Optics for flux concentration
Optical concentrators collect solar irradiation from a large area, and transfer and concentrate it to a smaller surface, thus increasing the density of the irradiation. Different approaches are used to reach this goal, depending on the source of light (natural or synthetic), on the power and temperature desired, and on other practical criteria that will be discussed below. Three main types of optical concentrators are defined: (i) solar concentrators, which concentrate quasi-collimated light sources e.g. solar light; (ii) solar simulators, concentrating point-emitting light sources such as that emitted by a lamp; and (iii) secondary concentrators, meant to further concentrate already convergent light sources.
Solar concentrator
Basic geometry -Concentration is obtained by altering the direction of nearly collimated light rays by means of reflection at the expense of a loss in transmitted energy. This loss comes from the intrinsic optical quality of the materials (reflectance is never equal to 1), surface quality, or impurities which alter the path of rays. The number of reflections should thus be minimized to limit these losses. The solar light source irradiates the earth with an angle and declination that varies throughout hours and days, so highflux solar concentrators need to track the sun throughout the day. The simplest solar concentrator arrangement consists of a solar-tracking dish, which allows for both concentration and tracking of the sun with only one reflection, the thermochemical reactor being placed at the focus of the parabolic concentrator. For practicality, it is generally preferred to have a fixed placement of the reactor, which simplifies operation. Hence, the most common arrangement, referred to as solar furnace, features a flat heliostat (or an array thereof), which are commercially available with sun tracking capability, and a parabolic concentrator, i.e. a paraboloid of revolution. Indeed, by its very definition a parabola will concentrate a collimated ray to its focus, it is thus the most widely used concentrator shape. Its profile is described by
for a ''cut" of a paraboloid of revolution extending towards y > 0. A parabola can be described as the loci of points equidistant from its focal point and its directrix (Fig. 2) . As a result, every dl is locally a mediatrix between the vertical direction and the focal point direction, which implies a specular reflection along this direction. A parabola can be defined by its focal length, f, and diameter, d, which condition the rim angle obtained (Fig. 2) . A concentrator is more often designed starting by the required rim angle h rim , which conditions its use and concentration ratio, and the power at the focal plane, which conditions its diameter. The ratio between focal distance and diameter of the concentrator is dependent on the chosen rim angle and given by
Since the sun rays are not perfectly collimated (h sun > 0), the image at the focus of the concentrating parabola will not be a perfect point but a spot, whose size depends on the focal length. As a result, the reachable concentration depends on the parameters chosen for the parabola (Bliss, 1957) 
C max varies between $10,000 (for h rim = p/6) to $45,000 (for h rim = -p/2). Note that Eq. (10) only expresses C within the ''hot spot", i.e.
the brightest spot at the center of the focus, and does not represent the average C achieved by the concentrator. For a rim angle of p/4, the maximum attainable concentration is 23,000. Approximated mirror shapes -Manufacturing a continuous parabolic mirror of large dimensions, high reflectance, and high optical surface quality is not a common and simple task. An industrial production has existed before the 1950s as a part of the war industry, the parabolas being used for antiaircraft projectors. A few of them have been obtained and reused as solar concentrators for research and development (for example the MSSF at Odeillo, see Table 2 ). However, no such high-quality reflectors are available off-theshelves. Instead, many designs favor a faceted concentrator design (called discrete reflector). The overall shape is discretized with curved or planar facets, which can be readily manufactured (Burgess et al., 2008) . As a result, though, the concentration factors are smaller than the same-size counterparts made of a one-piece parabola. If necessary, further enhancement of the concentration can be attained by using a secondary concentrator.
Practical considerations -Practicality is another important factor that has to be considered when designing an HFOS. In particular, the positioning of the reactor is of importance, and may be a design constraint for the rest of the optical design. Indeed, receivers and thermochemical reactors generally come with insulation, fluids and/or solids inlet, and instrumentation to monitor the products. This is a major reason as to why the two-reflections solar furnace arrangement is generally preferred. Another direct effect of the size of an experiment is its blockage of the light source, which can be hard to effectively assess. To counter this, the reflector can be displaced so as the light is concentrated away from the illumination axis, leading to the off-axis designs. The gain in practicality nevertheless leads to a loss of symmetry in the concentrator shape and, thus, in the flux distribution, that can render the operation of cavity reactors difficult. Moreover, a solar tower arrangement of the optical concentrator requires that all the equipment be installed at the top of the tower. It is possible to instead redirect the flux toward the floor, by introducing another reflection, in the case of the beam-down reflector design. More generally, illumination of a reactor from the top can be necessary when gravity plays a role (e.g. reaction at the top of a fluidized bed) and has led to vertical designs for small scale optical concentrators. Fig. 3 gives an overview of different point-focusing solar concentrating systems. Table 1 summarizes the main characteristics of existing solar concentrating facilities.
Solar simulators
Basic geometry -The main optical difference between a concentrator and a simulator is the geometry of the source of light. The sources that are used for solar simulators provide a quasi-pointsource of light, by means of a bulb with a high-pressure plasma. Thus, reflectors of solar simulators must collect light emitted in every direction and redirect it toward a single point. This is obtained by using an ellipsoid of revolution, described by equations
where a and b are the major and minor axes, respectively, and 2c the distance between the two foci. Such a shape is drawn as the locus of all points for which the sum of the distances to the two foci is the same. As a result, the tangent on any point of the ellipse is normal to the bisector of the straights linking this point to the two foci, which implies a specular reflection along this path. By extension, a ray emitted in any direction from one of the foci will be reflected to the second. Designing a solar simulator requires to take into account the geometry and emission behavior of the bulb early, as the cathode and anode limit emission directions to be intercepted by the ellipsoidal reflector. An example is given in Fig. 4 . For a given bulb emission angle and focal distance, the rim angle at the focal plane and the reflector length and width depends on the axis values (here b 1 = 1 and b 2 = 2). (Siegel, 1971) .
Ellipsoidal reflectors are usually custom-made, via spin-forming or electroforming, with significant effect on the reflector quality and optical performance of the system (Yabe et al., 2008) . The base material is coated with a reflective aluminum layer and a protective quartz layer.
Multiplication of sources -Individual lamp power is generally limited to a few kW. Higher power requires multiplying the number of sources. The total rim angle of the final array depends thus on the number of radiation modules, and on the parameters chosen for the reflectors. Such discretization of the light source leads inevitably to a poor reproduction of a real solar continuous concentrator, notably through the existence of hotspots on planes behind the focal plane (i.e. potentially on a cavity's wall). This can logically be limited by discretizing further the source, i.e. using more lamps with reduced power and compact reflectors (Bader et al., 2014a) . This approach follows the approach of faceting mirrors for solar concentrators.
Spectrum of light source -To reproduce as closely as possible the spectrum of actual solar light, three main arc-lamp light sources have been used in high-flux solar simulators: xenon (Xe), argon (Ar), and metal halide (MH). All have the same working principle: the lamps contain two electrodes between which an electron current is applied that ionizes the pressurized gas contained inside the quartz lamp bulb. Light is emitted as a result of the discharge of the ionized gas. None of the lamps provide a perfect match with the solar spectrum (Fig. 5) . As shown below (Table 3) , Xe arc-lamps are by far the most frequently used ones, followed by MH lamps. Ar lamps have not been used since 2003 and are therefore not further discussed here. MH lamps most closely follow the AM1.5D reference solar spectrum. High peaks in the Xe emission spectrum between 850 nm and 1 lm create a significant discrepancy to the reference solar spectrum. On the other hand, unavoidable oscillations exist in the light intensity, with recorded values up to 60% of the peak intensity for MH lamps compared to only 9% for Xe lamps, with a frequency depending on the power supply (100 Hz for MH lamps and 300 Hz for Xe lamps . Based on these experimental values, Xe lamps provide a more stable radiation output.
Secondary concentration
Very high concentrations can be difficult to achieve with a single concentration step. Secondary non-imaging concentrators are often considered to further increase the flux density. Non-imaging concentrators are particular in that they allow increasing the concentration at the expense of its spatial ''cohesion" as it is not converging anymore. A commonly used concentrator shape is known as the compound parabolic concentrator (CPC), which is obtained by the revolution of a truncated tilted parabola (Fig. 6) (Welford, 2012) . Its equation is given by Fig. 3 . Non-exhaustive display of common solar concentrator arrangements, namely solar furnaces (with one planar and redirecting heliostat), towers, and dishes. All designs incorporate the possibility for continuous versus discrete reflectors, and arrangements with single and multiple reflections. Solar furnaces can be operated with the concentrated irradiation arriving in a vertical or horizontal manner, with the potential for off-axis arrangements. , and 0.9 reflectivity. f Assuming peak is 4Â averaged concentration. ; ð12aÞ
For given r in and h in , which are the acceptance parameters, a CPC allows for every incoming ray with h h in to be reflected once toward the outlet of the CPC (''below" the focal point, i.e. out of the CPC), while other rays (h > h in ) are reflected back out from the inlet (''above" the focal point, on the CPC surface). The maximum concentration reached for such system depends on the inlet and outlet acceptance angles,
CPCs can be two-dimensional translations, or threedimensional revolutions of this parabola. It is noteworthy to point out that the concentration is maximized when h out is equal to p/2, i.e. the outlet rays are fully diverging. As a result, such optical systems are generally used closely coupled to the receiver, which is preferably a cavity type receiver. The CPC can even be directly implemented as part of the receiver, which ensures a perfect light transmission but can result in complex gas products management (Müller et al., 2006) . The use of arrays of planar mirrors instead of the CPC is an approach to limit the complexity of manufacturing large CPCs (Yogev, 1998) . In this particular design, the revolution paraboloid was approached by a 6 sided shape, which offers similar optical efficiency as a continuous CPC and allows to imbricate closely the CPCs.
Receivers
The concentrated solar radiation is provided to a receiver, which has to be designed as to efficiently capture and absorbed the radiation, with its given spatial and angular distribution. As stated, high flux radiation (with concentrations above 100) is an excellent source for high temperature processes. To limit radiative and convective losses, this heat is preferably received and contained in an insulated cavity, with only a small aperture for the radiative flux to enter. Such a configuration limits the re-radiation losses to the minimum and helps increasing the absorbance by ''trapping" the light. This design approach follows the idea of a blackbody receiver. This device is called the receiver. The receiver is not part of the HFOS. However, its design highly depends on the characteristics of the concentrated solar radiation.
Two possibilities exist for ultimately delivering the high flux to the reactants: (i) its direct irradiation, or (ii) its resorting to an intermediate material which absorbs the radiative flux and transfers it via conduction and convection to a different chamber, radiatively separated from the incident flux. The first solutions brings forth the concept of a receiver-reactor, where the high flux is converted into heat and directly delivered to the reactants, which are generally used as the absorbing material. The second requires the decoupling of the flux conversion into heat and its further use in a reaction. The choice depends mainly on the type of reaction: direct irradiation requires that the reactant absorbs correctly in the source spectrum. Most gases and some liquids are not good absorbers, requiring an intermediate absorber that has good flux absorbance and heat conductance. Another important criterion is the need for containment. Indeed, low-or high-pressure reactions, or the production of reactive gaseous products can render it impossible to couple the flux absorber and the chemical reactor functionality of the device.
Coupled receiver-reactors
In this configuration, the reactants are generally directly heated as part of the absorbing material. Absorbance can be realized on a surface, or through a volume. Surface absorption is generally considered as allowing the highest temperatures with limited material constraints. Indeed, the highest temperature is obtained on the reactant itself, not on the construction materials of the cavity. Volumetric absorption increases the penetration of the flux into the reactant, reducing the temperature gradient through the reactant and allowing the heat to penetrate deeper for a more homogeneous heating. If the reactant is a powder, surface reaction is obtained by forming pellets which are fed to the hot cavity, or by lining the cavity inner surface with the powder (even dispersion can be obtained by rotation) (Abanades et al., 2007; Koepf et al., 2016; Levêque and Abanades, 2013; Möller and Palumbo, 2001; Alonso et al., 2013) . This approach is generally satisfactory for reactions with consumption of the reactant. Powder can be used also for volumetric absorption. It is realized by circulating the powder in a cyclone or in a fluidized bed (Steinfeld, May 2005; Gokon et al., 2008) . This approach is favored in the case of gas-solid reactions where the particles are not consumed (e.g. catalyzed reactions). For bulk reactants, the use of porous absorbers is preferred for the same reasons (Fend et al., 2004) . Advances in ceramic foam production allow , and (c) Ar light sources (Hirsch et al., 2003) compared to the equivalent black body spectrum at 6000 K, and the AM1.5D reference spectrum .
producing tailor-made dual-scale porosities that favor a high penetration depth of the flux via large scale pores, and smaller scale pores leading to high specific surface area for solid-gas interactions (Furler et al., 2014) . The main drawback of such an approach is the difficulty to enclose the reaction from ambient air while letting the radiative flux in. The use of a quartz window or dome (for vacuum conditions) is a viable solution, though it increases the complexity of the design and requires additional care in terms of temperature and mechanical stress. The main issue comes from the deposition of particles or smoke on the window, which can absorb light and rapidly heat it to the breaking point. This problem can be contained via a well-designed gas sweeping strategy (Kogan and Kogan, 2002) .
Decoupled receiver and reactors
The decoupling of the light absorption and the chemical reaction functionality into a separate receiver and reactor chamber allows for individual device optimization. The receiver's sole purpose is to heat the intermediate surface (a tube or a plate), which in turn will heat the reactant through radiation, conduction and/ or convection while containing them. In such a case, it is expected that the cavity itself will have a significantly higher temperature compared to the reactants. This can be an important factor in the choice of the materials of the receiver. Tubes are generally used for circulating reactants, and surface for packed-bed reactants (e.g. Levêque and Abanades, 2014; Wieckert et al., 2007) . To enhance the direct absorption of light on a multi-tube configuration, the use of reflecting cavity has been proposed (Haussener et al., 2009 ).
Numerical modeling of HFOS
Numerical models are used to ensure that the design choices (e.g. reflector arrangement, size, shape, materials, etc.) allow for reaching the design objectives (e.g. radiative power, radiative flux distribution, and optical efficiency on a given surface area, etc.). It is predicted that the most efficient geometries are numerically designed utilizing multi-objective optimization approaches.
Two approaches can be used to estimate the radiation output of a solar optical system. Convolution methods use as starting point the true intensity distribution of the sun, which is then convoluted with the characteristics of the reflecting surfaces (incidence angle, optical losses and imperfections) (Monterreal, 1999) . Monte Carlo Ray tracing methods consist of generating photon-like particles (or energy bundles) and following them as they are reflected toward the receiver. Introductions to the Monte Carlo ray tracing methodology can be found for example in Siegel (1971) and Modest (2013) . The latter method is considered more precise but requires significantly more computational power as millions of rays need to be generated; the former allows fast calculations at the expense of flexibility. As a result, convolution based methods have been used historically (in codes UHC Pitman and Vant-Hull, 1989 , DELSOL (Kistler, 1986) , HFLCAL (Schwarzbözl et al., 2011) and for specific applications (e.g. quick comparison of various optical configurations in an optimization code (Augsburger, 2013) ). However, the trend shifts to the generalization of Monte Carlo methods resulting from the easy accessibility of highperformance computing. Here, we focus on presenting such Monte Carlo approaches. Important to both solar concentrators and simulators is the correct description of the optical surface properties, and particularly the surface errors of specular reflectors. For solar simulators, the accurate spectral and directional description of the light source needs to be known. For solar concentrators, the ray tracing model needs to take into account the angular distribution of the incident direct solar radiation (referred to as sunshape model), and errors introduced by sun tracking. If multiple concentrators are used side-by-side, such as in a field of solar parabolic trough or dish concentrators, in addition the effect of mutual shading needs to be taken into account. In heliostat field models, additionally blocking and spillage of radiation needs to be taken into account. Finally, if the radiation path-length is long compared to the extinction length of the atmosphere, atmospheric extinction of the radiation needs to be accounted for.
Monte Carlo ray tracing codes
In recent years, a variety of Monte Carlo ray-tracing codes have been developed and used to model optical systems for concentrating solar energy applications. For specific applications, such as modeling of novel types of solar concentrators or simulators, inhouse algorithms are usually developed and used, which can be tailored to the problem at hand. Examples include solar concentrators with uncommon surface shapes and solar simulators with specific lamp characteristics (Petrasch et al., 2007; Gill et al., 2015; Yabe et al., 2008; Bader et al., 2014a; Zanganeh et al., 2012) . Some of these codes have been released as open-source software or algorithm, such as CUtrace, VeGas, Tracer, and Tonatiuh (Rowe et al., 2015; Tracer; Tonatiuh) . To model more generic and larger scale problems, such as heliostat fields and solar furnaces, mainly three free simulation codes have n/a n/a Xe 11 500 n/a n/a DLR a Estimated based on peak to average ratio of similar 7-lamp based simulators. Fig. 6 . Schematic of a cross-section of a CPC indicating the inlet and outlet radii, the two focal points of the truncated, tilted parabolas, and the acceptance angle.
been developed as multi-purpose tools: Tonatiuh, developed at CENER, SolTrace, developed at NREL, initially released in 2003 and updated in 2013, and SolFast, developed at CNRS (Blanco et al., 2005; Wendelin et al., 2013; Roccia et al., 2012) . In addition, a number of commercial software packages exists that can be used to model solar optical systems. Examples are TracePro, FRED optical software (Ekman et al., 2015; , and LightTools. Differences among the existing Monte Carlo ray tracing simulation packages include the programming language, the use of parallelization, the available surface geometries, light source (including sunshape) models, surface error and optical property models, the user interface, the post-processing capabilities, and the level of technical support. The field is dynamic, and recent advances in Monte Carlo ray tracing modeling are being presently evaluated for solar concentrated power applications (Delatorre et al., 2014) .
Comparisons among some of the simulation codes mentioned above have been conducted in the last years (Roccia et al., 2012; Garcia et al., 2008) . A recent overview of available optical simulation tools for solar concentrating systems is provided in Li et al. (2016) .
Modeling of solar concentrators
Reflector surfaces are either modeled as specular or specular/ diffuse. Reflector imperfections, e.g. due to manufacturing tolerances and distortions caused by gravity and temperature variations, are modelled as randomly distributed over the reflector surface. The surface error can be introduced by modifying the analytically calculated surface normal vector on the reflector. The modification can be described with polar coordinates with the azimuthal angle assumed to be uniformly distributed between 0 and 2p, while for the polar angle either a Gaussian probability density function or a Rayleigh probability density function is used (Bader et al., 2014a; Krueger, 2012; Johnston, 1995) . The incidence direction of direct solar radiation is modeled as either a uniformly emitting disk subtending a cone-half angle of 4.65 mrad, a disk with a Gaussian distributed radial brightness profile, or by using a sunshape model developed using experimental data of the brightness distribution of the sun as observed on earth (Li et al., 2016; Vittitoe and Biggs, 1981; Rabl and Bendt, 1982; Buie and Monger, 2004) . Using the most detailed models available can result in the accurate prediction of measured radiative flux data with Monte Carlo ray tracing models.
Modelling of solar simulators
A particular issue in solar simulator models is the light source. High-flux simulators use ellipsoidal reflectors to image the light source, a short-arc discharge lamp, onto a target surface. Hence, the size and brightness distribution of the light source strongly influences the achievable radiation concentration at the focus. Accurate modeling of this optical system requires an accurate model of the light source. Different lamp models have been used to describe the origin and direction of the light emitted by the lamps. The spatial emission distribution inside the lamp has been modelled as a uniformly emitting cylindrical volume, conical or spherical surface, or combination of multiple spherical and cylindrical surfaces Levêque et al., 2016) . Due to the strongly non-uniform brightness distribution in actual solar simulator lamps, these models tend to result in an underprediction of the peak flux and an over-prediction of the radiative power incident on the target surface. The directional emission distribution of the lamp is either modelled as isotropic or by using measured data (Petrasch et al., 2007; Levêque et al., 2016; Bader et al., 2014a; Krueger et al., 2011) . Using the actual angular emission distribution of the lamp allows to design a reflector that intercepts nearly all radiation emitted by the lamp and leads to a better prediction of the lamp-to-target radiation transfer efficiency. A model based on the measured brightness and directional distributions of xenon short-arc lamps, with a fitted exponential decay function for the lamp's radial brightness profile, has recently been shown to result in good agreement between measured and simulated radiative flux and power distributions at the focal plane of a 45 kW el multi-source high-flux solar simulator . Accurate modeling of the spatial emission distribution inside the lamp of high-flux solar simulators is currently subject of ongoing research.
Engineering aspects
HFOS require a careful consideration of engineering aspects early in the design to ensure the feasibility and success of an implementation project.
Reflecting materials
Mirrors and reflectors use either silver or aluminum as the reflecting surface material. Aluminum has a reflectance between 88 and 96% over the whole solar spectrum while silver has lower values than aluminum in the near-IR and higher values than aluminum above a wavelength of 1.7 lm. Silver is prone to oxidation with a loss of specularity, so it has to be protected by a glass layer (typical back-coated silver mirror). Aluminum oxidation has less impact on its reflectivity, but its surface is more prone to mechanical damages (scratches). Aluminum reflectors are cheaper, both due to the used base material and the manufacturing. In both cases, dielectric coatings can be applied to further enhance the reflectivity of a given part of the spectrum, especially to enhance the IR reflectivity of silver mirrors (Butel et al., 2011) . Most setups use flat silver mirrors for heliostats and discrete parabolas. It is expected that large scale installations and the economy of scale would help reducing the cost of these reflectors as the mass of used silver is minimal. For continuous parabolas, metallized stretched films have been demonstrated and exist as commercial products (3 M Solar mirror film, ReflecTech Ò mirror film, etc). Such films are generally stretched and held on its supporting shape by means of a vacuum (Haueter et al., 1999) .
Solar concentrators
The most critical step in a solar concentrator facility lies in the collection of the light, i.e. in the heliostat, heliostat field or dish design and performance. In central receiver solar systems in particular, the main cost and design challenge comes from the heliostat field. Each heliostat has to be built taking into account the local topography and shadowing effects to follow the ideally simulated field. The choices made for the single heliostat have a decisive impact on the overall cost effectiveness of the field, and on the quality of the concentrated flux. An extensive review of the state of the art, comprising a description of the components of a heliostat and economic considerations, can be found in Téllez et al. (2014) .
Solar concentrators require a reliable sun-tracking system. This implies that the first reflector(s) (i.e. the heliostat, the heliostat field or the parabola), generally outdoors, need to be motorized along two axes and instrumented, and correctly protected. Tracking can be easily achieved using a PV cell (or an array of) which will produce at its maximum when facing normally the sun. A second possibility is to program the positioning of the reflector based on ephemerides. A hybrid approach is proved to be efficient: the heliostat automatically follows the programmed sun position in cloudy conditions, and a direct tracking system increases the accuracy when the sun shines. For optical systems comprising various heliostats, in some cases a differential pointing strategy can be used to homogenize the irradiation, or mitigate transient effects (Augsburger, 2013; Salomé et al., 2013) . This type of fine tuning of each heliostat's aim is efficient but requires an evolved tracking system, including a real time position feedback from each heliostat.
Solar simulators
The operational voltage input to Xe arc lamps typically is in the range of 18 to 35 V DC. MH lamps use higher voltages up to 380 V (Rowe et al., 2015) . The radiative power output of the lamps can be adjusted within limits by varying the current input to the lamp. For ignition, the lamps require a short-time HF-ignition voltage of several kV. This is supplied individually to each lamp by switch-mode power supplies and additional igniter devices that provide the high-voltage burst (Bader et al., 2014b) . During operation, the lamps typically need to be actively cooled for example with an air fan.
The power-supply units can be operated manually for maintenance work, e.g. during the replacement or adjustment of the lamps. For regular operation, all units should be remotely operated via a control network. This also includes the transmission of realtime data, e.g. the actual DC current, electric power, and status monitoring of the switch-mode power supplies and related equipment like cooling fans (Bader et al., 2014b) .
Radiation modules can be mounted with commercial assembly technology such as Bosch Rexroth profile frames. The lamp and reflector positions and orientations should be adjustable, in order to fine-tune the focus of each radiation module individually (Bader et al., 2014a) .
Experimental characterization
Three main approaches for the experimental characterization of the radiative output of solar optical systems have been described in literature. The first consists of the direct measurement of the radiative flux using one or an array of flux sensors, which can be moved (rotated), directly providing an absolute fluxmap without the need of further processing of data or calibration (Villasmil et al., 2013) . Such an approach is time consuming, and the spatial resolution is limited by the size of the sensor at the minimum and by the positioning accuracy and range of the sensor. The second approach is the most widely used: a cooled Lambertian (diffuse) target is placed at the focus of the setup, and greyscale (GS) pictures of it are recorded with a CCD or CMOS camera while the target is illuminated. Then, the flux is measured with a flux sensor at selected positions within the target area and compared to the GS values recorded at the same points, and a calibration curve is established between the two quantities. The pictures are finally converted to flux maps using this calibration (Agrafiotis et al., 2014; Licht, 2009; Gálvez et al., 2007; McKone et al., 2013; Müller et al., 2006; Yogev, 1998) . The Lambertian surface, obtained by alumina sputtering or magnesium oxide smoking, ensures that the light impacting it is reflected equally in all directions, so the image is the ''same" when seen from any direction. The CCD camera has the advantage of providing GS values directly proportional to the light impacting each pixel, resulting in a linear relation to the flux, but the scale is limited in range and accuracy. As a result, measuring precisely different ranges of flux can prove to be difficult. To circumvent this limitation, filters have been used by most research groups: neutral density filters are added in front of the camera as the flux increases, with each filter configuration requiring a different calibration. More recently, the linearity of the CCD camera response to the ''amount" of light impacting the chip has been demonstrated to provide an easier and accurate correction method. By dividing the GS values by the exposure time, it has been shown that the resulting values are independent of the exposure time, reducing it to a flux-like quantity. Thus, a calibration can be established regardless of the exposure time, which can be adapted independently to the flux range to ensure a maximum meaning of the CCD pictures . In addition, a spatial correction may be required to compensate for non-normal alignment of the camera with the target plane (Sarwar et al., 2014; Krueger, 2012) . Different types of flux sensors have been successfully used: Kendall radiometers, Gardon-type gauges, and calorimeters. Suita- (Guillot et al., 2014) . Finally, a third measurement approach used for lower concentration devices has the potential to be used for high fluxes too. It consists of the transient measurement of the temperature of a surface heated by the concentrated flux with an infrared camera. If the target's physical properties (absorptivity, emissivity, density, heat capacity) are known, and a precise direct thermal model established (i.e. which gives the temperature evolution of the surface as a function of the incoming flux), it can be inversed to determine the incoming flux on the surface (Pozzobon and Salvador, 2015) . It presents the advantage of simplifying the setup, since no special target or flux sensors are needed, while IR cameras are often available in laboratories working with high temperatures. This method has been used for medium fluxes using a painted steel target. It could be extended to higher fluxes using a target resisting higher temperature, or used as is for lower fluxes (e.g. one lamp at a time for a solar simulator, or with sunset light for a solar concentrator) and scaled up. Table 1 provides a summary of the characteristics of on-sun HFOSs utilizing point-focusing concentration and consequently providing concentrations and temperatures interesting to solar thermochemical research. Table 2 provides a summary of the characteristics of on-sun HFOSs that have been used for solar thermochemical research. Table 3 provides a summary of the characteristics of indoor solar simulators that have been used for solar thermochemical research. Table 4 finally provides a summary of demonstrator and commercial HFOSs utilizing point-focusing concentration and consequently providing concentrations and temperatures interesting to solar thermochemical research.
Inventory of existing HFOSs
The direct comparison in terms of peak concentration and radiative power of research and development level HFOSs is shown in Fig. 7 . It is apparent that simulators have provided the largest peak concentrations at intermediate scales, while on-sun facilities usually operate at larger radiative power scales. This is especially true for HFOSs which have -up to now -not been used in solar thermochemistry research. No clear trend towards larger peak concentrations or power in recent years was observed. For simulators however, while there seems to be a general interest in low-cost Fig. 7 . Peak concentration and radiative power of non-commercial HFOSs: simulators which are located indoors (red) and made of elliptical units (circle) or parabolic units (diamond), on-sun facilities used for thermochemistry R&D (blue) operating as tower (triangle, includes reflector towers) or as furnaces made of a redirecting heliostat and ausually parabolic -concentrator (cross), and on-sun facilities with characteristics relevant for thermochemical research (black) operating as towers (triangle) or dish (star) systems. The dashed rectangles indicate the lower and upper limits in terms of peak concentration and radiative power of on-sun facilities not yet used for solar thermochemistry (black), on-sun facilities used for solar thermochemistry (blue), and simulator facilities (red). Details in Tables 1-3. Plot only includes facilities for which peak concentration and radiative power are known. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 8 . Cumulative growth of installed radiative power of point-focusing HFOSs, composed of R&D facilities: simulators (red), on-sun facilities used for thermochemistry (blue), and on-sun facilities with the capability to be used for thermochemistry (black, nt: non-thermochemical); and of commercial facilities with the capability to be used for thermochemistry (grey, nt: non-thermochemical). The relative growth (normalized by the total capacity of its category) indicates a strong growth for simulator installation and commercial point-focusing facilities (currently used for power generation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and simple facilities. The recent EPFL/ANU simulator showed the highest achieved peak fluxes and the newly planned DLR simulator will push the boundary with respect to power scale. Fig. 8 represents the data tabulated in Tables 1-4 in chronological order. Specifically, the cumulative installed radiative power, and the relative growth of the four groups (solar simulators, noncommercial on-sun systems used for thermochemistry, noncommercial on-sun systems not yet used for thermochemistry, commercial on-sun systems not yet used for thermochemistry) is shown. It is clearly visible that HFOSs picked up some momentum for commercial implementation, even though these implementations aim at solar power production. However, one could argue that a capacity of close to 4 GW radiative power is readily available, exhibiting the right characteristics for solar thermochemistry, and -assuming the solar radiation is converted into hydrogen at a solar-to-fuel efficiency of 5% -45,000 tons of hydrogen could readily be produced in a year (corresponding to 0.1% of the global yearly hydrogen).
Conclusions
In this study, we have reviewed basic concepts associated with the characterization and design of high-flux optical systems. We provided a short introduction into solar thermochemistry and the relevant temperature conditions for interesting solar thermochemical reactions. We provided the basics and design guidance for concentrating optics, discussed basic HFOS designs, discussed the important component characteristics (artificial or real light source characteristics, and surface characteristics), and provided an overview of the modeling and measurement methods used to quantify the performance of the HFOSs. Finally, we provide an exhaustive list of point-focusing HFOSs (on-sun and simulators) used in or relevant for solar thermochemistry. This data shows that HFOSs for solar thermochemistry have picked up momentum and a variety of projects are under way which aim at building HFOSs with unprecedented peak concentration and radiative power, providing experimental facilities to test, develop, and optimize scaled receivers and reactors for competitive solar thermochemical processes.
